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This presentation draws from talks and discussions from 
the recent workshop on CNNS held in Livermore.  

http://neutrinos.llnl.gov/LLNL_CNS.html 

Link to agenda and slides 
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!  undisputed prediction of the Standard Model 

!  enhanced cross-section: 

!  flavor independent 

!  coherence conditions: 

25 Oct 2012 – APS Division of Nuclear Physics Fall Meeting Tenzing Joshi – UC Berkeley & LLNL 

•  Coherent neutrino-nucleus 
scattering (CNS) 
–  Unobserved prediction of SM 
–  Flavor blind elastic neutrino-

nucleus scattering 
–  Mediated by the Z0 

•  Observation described as “an act 
of hubris” 
–  D. Z. Freedman (1974) 
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ν̄

ν̄ν̄ + Ar→ ν̄ + Ar

Z0 

•  Simplifies to 

•  Nuclear recoil energy 

Drukier and Stodolsky, PRD 30(11), 1984. 
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CNNS a neutral current process where an 
incoming neutrino elastically scatters on a 
nucleus ν̄

ν̄ν̄ + Ar→ ν̄ + Ar

Z0 

 Large cross-section, increasing with energy Largest cross section in 
the low-E region 

Eν <
1

RN
� 50MeV

K.Scholberg 

Limit of zero-momentum transfer 

D. Z. Freedman Phys. Rev. D 9 (1974) 
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!  observable: tiny nuclear recoil 

 

Still undetected 35 years after first 
prediction ν̄

ν̄ν̄ + Ar→ ν̄ + Ar

Z0 

�Er� = 716 eV
(Eν/MeV)2

A

What do you want in a neutrino source? 
High-energy neutrinos, because both cross-section  
  and maximum recoil energy increase with 
  neutrino energy 

... but... 

40Ar target 

30 MeV !’s 

3 MeV !’s 

for same flux 

K
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!  Discovery! 

!  Weak mixing angle 

!  Non Standard Interaction of !"

!  Magnetic ! moment 

!  Sterile neutrinos 

!  Neutron form factor 

!  Supernovae 

!  Synergies with Dark Matter searches 

 

Tests of the SM 
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!  Weak mixing angle 

Combination of targets will help  
      (idea from Yuri Efremenko) 

For 1% uncertainty on the ratio of rates in 
   two different targets, get: 

40Ar/20Ne! 2.6%!
132Xe/20Ne! 1.5%!
132Xe/40Ar! 3.9%!

•  Might not be competitive, 
depending on approach and 
control of systematic. 

•  Unique channel 
•  Improve w/ multiple targets 

Marciano (4/1/2011 Chicago)

Qw = N − (1− 4sin2θw)Z

We now know Mtop and MHiggs ! uncertainties on radiative corrections are small

Remaining hadronic uncertainties similar to those from APV experiments (~0.2%) 
(L. M. Krauss, PLB 269, 407)

Friday, December 28, 12

L.M.Krauss, Phys. Lett B 269 (1991) 
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!  Non Standard Interaction of !" K.S. Scholberg, PRD 73, 2006 
J. Barranco, PRD 76, 2007 

•  Sensitive to non-universal parameters 

•  Signature is a deviation from the 
expected cross-section 

•  Could significantly improve current 
constraints 

Can improve ~order of magnitude 
 beyond CHARM limits with a 
 first-generation experiment 

K.Scholberg 

Link w/ subgroup nu5 
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!  Magnetic ! moment 

•  Distortion of the recoil spectrum 
at low E 

•  Need detector w/ < 10 keV 
threshold  

P. Vogel, J. Engel, PRD 39 (1989) 

The conclusion of these NSI studies is that a coherent
elastic neutrino-nucleus scattering experiment at a
stopped-pion source would have significant sensitivity to
currently allowed NSI "qVee and "qVe! parameters.

C. Neutrino magnetic moment

The SM predicts a neutrino magnetic moment of "# !
10"19"B#m#=1 eV$, in units of Bohr magnetons. This is
very small, but extensions of the SM commonly predict
larger ones. The most stringent limits are astrophysical: for
instance, based on a lack of observed energy loss from
electromagnetic couplings in a red giant evolution one can
set a limit "# ! 10"12"B [43]. The best direct experimen-
tal limits result from a lack of distortion of neutrino-
electron elastic scattering at low energy, and are in the
range of "###e$ ! 1–2% 10"10"B [44–46]. For muon
neutrino scattering, the best limit is less stringent:
"###"$ ! 6:8% 10"10"B [47].

A signature of nonzero neutrino magnetic moment can
be observed via distortion of the recoil spectrum of coher-
ently scattered nuclei. The magnetic scattering cross sec-
tion is given in Ref. [48] for a spin-zero nucleus:

!d$
dE

"

m
& %&2"2

#Z2

m2
e

!
1" E=k

E
' E

4k2

"
: (6)

Figure 13 shows the differential cross sections calcu-
lated for 20Ne, for 30 MeV neutrino energy, as a function of
nuclear recoil energy. The magnetic scattering cross sec-
tion is calculated for the neutrino magnetic moment just
below the current best experimental limits (10"10"B for #e
and 6% 10"10"B for #").

Figure 14 shows the yield in events per keV of recoil
energy, per ton per year in a neon detector at 20 m from the
SNS target, with and without a neutrino magnetic moment
contribution, for prompt and delayed fluxes. The dashed
lines assume #" & 10"10"B for both #e and !#". The
dotted lines assume #" & 10"10"B for #e and #" & 6%
10"10"B for !#".

The difference in the coherent neutrino-nucleus scatter-
ing yield due to the presence of a neutrino magnetic mo-
ment near the current "# limit for #e is very small, except
for recoil energies below a few keV. This signal is therefore
likely out of reach for a CLEAN-type experiment at the
SNS. However, for "# near the current limit for #", there
might be a measurable signal for a 10 keV threshold, and it
is conceivable that one could improve the limit with a high-
statistics measurement. Nuclei with spin, although not
considered here, have additional "#-dependent terms in
their coherent neutrino-nucleus scattering cross sections
[48] and may be potential targets for a neutrino magnetic
moment search [49].

IV. CONCLUSION

Straightforward calculations indicate that one expects
thousands of coherent neutrino-nucleus interactions with
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FIG. 13 (color online). Solid line: SM coherent neutrino-
nucleus differential cross section, as a function of nuclear recoil
energy E, for neutrino energy k & 30 MeV and for a 20Ne target.
Dashed line: differential cross section for neutrino-nucleus scat-
tering due to a neutrino magnetic moment of "# & 10"10"B.
Dotted line: differential cross section for neutrino-nucleus scat-
tering due to a neutrino magnetic moment of "# &
6% 10"10"B.
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FIG. 14 (color online). Differential yield at the SNS in neon as
a function of nuclear recoil energy. The top plot is for the prompt
flux (#" only) and the bottom plot is for the delayed flux (sum of
#e and !#"). Solid lines: SM expectation. Dashed lines: yield
including magnetic moment contribution for "# & 10"10"B for
both #e and !#". Dotted lines: yield including magnetic moment
contribution for "# & 10"10"B for #e and "# & 6% 10"10"B
for !#", #".

PROSPECTS FOR MEASURING COHERENT NEUTRINO-. . . PHYSICAL REVIEW D 73, 033005 (2006)

033005-7

K.Scholberg, PRD 73, 2006 

Differential Yield at SNS in Neon 

Recoil energy [meV] 
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!  CNNS is flavor independent 

!  Look for deficit of neutrinos 

!  Different approaches considered: 
•  Movable detector at a reactor 
•  Cyclotrons at different baselines (DAEDALUS) 
•  Oscillometry using mono-energetic ! source 

Enectali Figueroa-Feliciano 

Sterile Neutrino Search?
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E. Figueroa-Feliciano, CNNS Workshop, LLNL 

Reactor !"
10 kg Ge 
th: 100eVr  

jUs4j2 ¼ 1"
X

!¼e;";#

jU!4j2: (7)

During the fit, we vary jUe4j, jU"4j, and !m2. For
simplicity, however, we assume jU#4j ¼ 0. Note that
a nonzero jU#4j would increase the active survival
probability for any given jUe4j and jU"4j, and would
therefore make this search slightly less sensitive to
oscillations in terms of sin22$"e. On the other hand, if
nonzero jUe4j and jU"4j were to be established indepen-
dently by other short baseline experiments, the type of
neutral current search outlined in this paper may offer
sensitivity to U#4, depending on the sizes of jUe4j, jU"4j
and jU#4j.

Figures 5–7 show the expected sensitivity to the LSND
allowed region with a germanium detector in the baseline
and dedicated physics run scenarios and an argon detector
in the baseline scenario, respectively. In obtaining the
sensitivity curves, the 3D search grid is reduced from
(!m2, jUe4j2, jU"4j2) to a 2D space of !m2 and
sin22$"e ¼ 4jUe4j2jU"4j2. Note that a nonzero sin22$"e

requires both %e and %" disappearance.
The sin22$"e sensitivity curves are obtained using a

raster scan in !m2 space. That is, each curve maps out
the maximum sin22$"e ¼ 4jUe4j2jU"4j2 which satisfies
&2 # !&2

cut at a given confidence level, for each point in
!m2. The 90%, 99%, and 3' confidence level curves
shown in this paper correspond to !&2

cut ¼ 1:64, 6.63,
and 9.00 for a one degree of freedom, one-sided raster
scan (90%), and a one degree of freedom, two-sided raster
scan (99% and 3'), respectively.

Figure 8 shows the oscillation sensitivity for a
germanium detector in terms of the disappearance ampli-
tudes which would be accessible in charged current
searches, sin22$ee ¼ 4jUe4j2ð1" jUe4j2Þ and sin22$"" ¼
4jU"4j2ð1" jU"4j2Þ overlaid with the region allowed by
LSND at 90% C.L., assuming the LSND best-fit !m2 ¼
1:2 eV2. The curves are obtained using a one-sided
raster scan in sin22$ee with the!&

2
cut values defined above.

The figure also shows the approximate region of sin22$ee
values allowed at 90% C.L. by fits to the reactor anomaly
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FIG. 5 (color online). Sensitivity to the LSND 90% C.L.
allowed parameter space with a germanium-based detector under
the baseline physics run scenario.
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FIG. 6 (color online). Sensitivity to the LSND 90% C.L.
allowed parameter space with a germanium-based detector under
the dedicated physics run scenario.
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FIG. 7 (color online). Sensitivity to the LSND 90% C.L.
allowed parameter space with an argon-based detector under
the baseline physics run scenario.

A. J. ANDERSON et al. PHYSICAL REVIEW D 86, 013004 (2012)

013004-8

DAR !"
~500kg LAr 
th: 30keVr  

A. J. Anderson et al, PRD 86 (2012) 
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!  Neutrinos carry 99% of the energy in core-
collapse SN 

!  CNNS plays important role in supernovae 
explosion " ! trapping in collapse phase 

!  Neutrinos help understand SN processes  

!  CNNS is sensitive to all flavors!  

 

SN1987a 

Core-collapse Supernova 

• Supernova evolution: Coherent neutrino 
scattering (σ~A2) may push heavy elements to 
the outer shell of the star (Rev. Nucl. Part. Sci 27 167, 1977).                                     

Core-collapse supernova neutrino spectra
All 6 flavors for coherent neutrino-nucleus!

• Supernova neutrino detection:  ~10 neutrino-nucleus coherent events on Ar in a 
10 second window per ton for a galactic supernova at 10 kpc.                 
>Important info about numu and nutau that is out of reach for Water Cerenkov. 

• Oscillation physics, mass hierarchy, absolute neutrino mass...  

Bruenn and Haxton (1991) for 56-Fe

Supernova

Neutrinos carry energy (10^53 ergs, 99% of total) out of the star before anything else.

SN1987a

Core-collapse SN 
neutrino spectra 

SN detection via CNNS: 
~ 10 events/ton on Ar  
in 10 s for galactic SN at 10 kpc 
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!  CNNS form factor mostly due 
to neutron distribution 

!  Requires 10-50 MeV 
neutrinos, good energy 
resolution and control of 
systematics 

 

3

To calculate the number of scattering events as a func-
tion of recoil energy, we fold the neutrino spectra with
the cross section:

dN

dT
(T ) = NtC

∫ mµ/2

Emin(T )
f(E)

dσ

dT
(E, T )dE , (5)

where Nt is the number of targets in the detector, C
is the flux of neutrinos of a given flavor arriving at the
detector, the normalized energy spectra f(E) includes
all three types of neutrino produced in pion decay, and
Emin(T ) = 1

2 (T +
√
T 2 + 2TM) is the minimum energy

a neutrino must have to cause a nuclear recoil at energy
T . The upper bound of mµ/2 is the maximum energy for
a neutrino produced from muon decay at rest.

B. Form-factor expansion
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FIG. 1. (Color online.) The factor F (Q2) for 40Ar predicted
by the Skyrme functional SkM∗ (solid black curve), and trun-
cations of the expanded form factor at various orders ofQ: Q0

(dashed blue curve), Q2 (dashed red curve), Q4 (solid green
curve). Terminating the expansion at Q4 (with coefficient
1
5!
〈R4

n〉) gives good agreement with the full form factor over
the range of Q2 relevant for the scattering of neutrinos from
stopped pion beams.

Since the form factor is included in the calculation of
the number of events, nuclei with different density distri-
butions will produce different recoil-energy distributions.
The recoil distributions therefore provide a good test for
models that predict the density. We can increase the use-
fulness of the recoil distribution by expanding the form
factor in Q. The dominant neutron piece can be repre-
sented as

Fn(Q
2) ≈

∫

ρn(r)

(

1−
Q2

3!
r2 +

Q4

5!
r4 −

Q6

7!
r6 + · · ·

)

r2dr

≈ N

(

1−
Q2

3!
〈R2

n〉+
Q4

5!
〈R4

n〉 −
Q6

7!
〈R6

n〉+ · · ·
)

,(6)

with

〈Rk
n〉 =

∫

ρnr
kd3r

∫

ρnd
3r

. (7)

Written this way, the form factor is a sum of the even
moments of the neutron density distribution. These mo-
ments are straightforward to calculate from the density,
and represent physically relevant and measurable quan-
tities. Since the neutrinos we consider have relatively
low energy, we can truncate the expansion after just two
terms for lighter nuclei such as argon and germanium,
and three terms for heavier nuclei like xenon. As an il-
lustration, we show in Fig. 1 the theoretical neutron form
factor predicted by the Skyrme functional SkM∗ [19] for
40Ar. Including moments up to 〈R4

n〉 is sufficient to re-
produce the full form factor curve over the relevant range
of Q values. In other words, we can fit experimental scat-
tering data in 40Ar with just two parameters, 〈R2

n〉 and
〈R4

n〉.
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FIG. 2. (Color online.) Top: Event rates in 40Ar as a func-
tion of recoil energy, with two different RMS neutron radii.
The red (solid) curve represents predictions of the Skyrme
functional SkM∗, while the blue (dotted) curve represents the
same for an RMS radius made 10% larger, as described in
the text. The flux at the detector is taken to be 3 × 107

neutrinos/cm2/sec per flavor. Bottom: The difference be-
tween the two curves on top.

Fig. 2 shows the effects on event rates in 40Ar of chang-
ing a single important measure of the density distribu-
tion, the root-mean-square (RMS) neutron radius 〈R2

n〉
1

2 .
We produced the figure as follows: First, we calculated
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low energy, we can truncate the expansion after just two
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Fig. 2 shows the effects on event rates in 40Ar of chang-
ing a single important measure of the density distribu-
tion, the root-mean-square (RMS) neutron radius 〈R2

n〉
1

2 .
We produced the figure as follows: First, we calculated

SNS neutrinos on Ar40 

K. Patton et al, arXiv:1207.0693 

10% higher RMS 
neutron radii 

1.2% lower 
event rate  
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Reactors 
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!  Purely !e 

!  Free 

!  High Flux: ~1021 !/s in a 3GWt 
reactor 

!  Low E " small recoils 
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Argon Nuclear Recoil Spectra
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U-235 
<ER> = 243 eV 

Pu-239 
<ER> = 207 eV 

Spectra of reactor ! on Argon  

!  Little control over on/off cycle 

!  Shallow detector location 

!  Difficult site access and 
infrastructure but successfully 
demonstrated 
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Proton energy < GeV to avoid 
Kaons production   

iso-DAR " Li-8 decay 

3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV !µ"
                     PROMPT 

~0.13 per flavor 
   per proton 

Stopped-Pion Neutrino Sources 

Neutrino flux: few times 107 /s/cm2 at 20 m 

3-body decay: range of energies 
   between 0 and mµ/2 
   DELAYED (2.2 µs) 

2-body decay: monochromatic 29.9 MeV !µ"
                     PROMPT 

~0.13 per flavor 
   per proton 

Stopped-Pion Neutrino Sources 

Neutrino flux: few times 107 /s/cm2 at 20 m 

!  Multiple ! flavors, high E 

!  Flux: ~1015 !/s 

!  ! spectrum similar to SN 

!  Background control from beam 
pulsing but fast n need study 

!  Deployment? 

!  Locations/Concepts: 
•  SNS @ ORNL 
•  BNB @ FNAL 
•  DAEDALUS 
•  ! 

µ+ → e+ + ν̄µ + νe

π+ → µ+ + νµ monocromatic 29.9MeV 
PROMPT emission 

3-body decay 
Delayed emission (2.2µs) 

↓
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Perspectives to search for neutrino-nuclear neutral current coherent scattering  

A.I. Bolozdynya1, Yu.V. Efremenko1,2, K.Scholberg3 
 
1National Nuclear Research University «MEPhI», Moscow, Russia 
2University of Tennessee, Knoxville, TN, USA 
3Duke University, Durham, NC, USA 

 
The process of neutrino elastic interaction with a nucleus via coherent scattering was 

proposed a long time ago [1]. This process has relatively large cross section which can be given 
as:  

cm2, 

where N is the neutron number and the neutrino energy E! is measured in MeV [2].  This formula 
is valid for neutrino energies up to about 50 MeV, and thus can be applied to reactor, solar and 
supernova neutrinos. The magnification factor N2 gives a significant increase in cross section for 
detectors using heavy nuclei as the target. This fact can pave the way for compact neutrino 
detectors which could have a great impact on nuclear reactor monitoring techniques. This 
reaction has never been observed experimentally because of the very low energy of the recoil 
nucleus. For example, for neutrinos produced at nuclear power plants, the energies of xenon 
nuclei recoils are below 1 keV. Recently it has been pointed out that accurate measurement of 
neutrino coherent scattering can be a sensitive test for the Standard Model of electro-weak 
interactions [3,4]. Requirements for the detector are: large mass, high efficiency for sub-keV 
signals, and capability to achieve extremely low levels of backgrounds. There are several 
directions where extensive efforts are being directed: low noise germanium detectors [5], low 
background NaI detectors [6], and noble liquid emission detectors [7,8,9].  

We can consider a search for neutrino coherent scattering with two very different sources: 
nuclear power plants or spallation neutron sources. Both options have pros and cons. As an 
example, let us compare options for an experiment seeking observation of neutrino coherent 
scattering off atomic nuclei using the nuclear reactor at the Kalinin Nuclear Power Plant (KNPP) 
in Russia or the Spallation Neutron Source at the Oak Ridge National Laboratory of USA.  
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rays 

 

Up to 1 keV 

38000 (400 
above reasonable 
threshold)/day 
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factor of 
1:2000 

DAR 
shape 
with 

endpoint 
at 53 
MeV 

 

 

40 m 

Fast 
neutrons 

from 
SNS 

 

Up to 20 
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2000 (1400 
above reasonable 
threshold)/year 

 
In this table, we use Xe nuclei as an example target, which has the highest cross section and 
lowest recoil energy of many other possible detector media. 
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In this table, we use Xe nuclei as an example target, which has the highest cross section and 
lowest recoil energy of many other possible detector media. 
 

From WP: 

Complimentary benefits and challenges   
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Observation of Coherent Neutrino-Nucleus Scattering at a Nuclear Reactor 
S. Sangiorgio, A. Bernstein, J. Coleman, M. Foxe, C. Hagmann, T. H. Joshi, I. Jovanovic, K. Kazkaz, K. Movrokoridis, S. Pereverzev. 
 
Coherent scattering of neutrinos on nuclei is an undisputed prediction of the standard 
model [1] that has so far eluded experimental observation. The only detectable signature of 
such interaction – a low-energy (<~10keV) nuclear recoil – has been so far out of reach 
due to the technical difficulties in developing large-scale detectors capable of such low 
thresholds. In recent years, progress in dark matter searches using noble-liquids has 
provided a detector technology that brings CNNS within grasp [2]. Nuclear reactors are an 
attractive source of neutrinos for CNNS investigations. They provide a high flux of 
neutrinos (! > 1012 cm"2 s"1) with energies up to about ! 10 MeV. 
  
Drawing from the experience of dark matter dual-phase detectors with noble liquids, we 
propose the realization of a 10-kg dual-phase argon detector to be deployed at a nuclear 
reactor site. Feasibility of CNNS in liquid argon depends on the ionization yield of sub-
keV nuclear recoils in this medium. This quantity is currently unknown at these energies. 
Existing simulations (including our own), needs to be verified experimentally. LLNL has 
developed a prototype detector and a quasi-monochromatic low-energy neutron beam to 
perform these measurements [3]. Detector sensitivity to single ionization electrons 
produced in the liquid is needed. This was demonstrated in the LLNL prototype [4].  
A preliminary design of the 10-kg detector has been performed, taking advantage of 
LLNL’s expertise in fielding detectors at nuclear reactors. Backgrounds were also 
estimated [5]. The shallow-depth reactor location requires proper shielding. Once shielded, 
39Ar is expected to be the largest background component. Instrument-induced 
backgrounds, in particular single electrons, need to be carefully studied and controlled.   
 
Assuming perfect efficiency in detecting single primary electrons, ~170 events/day are 
expected in the 10-kg detector. If the neutrino signal follows reactor outages, we would 
have the first observation ever of coherent neutrino scattering. 
The results and detector capabilities required for CNNS detection in liquid argon will 
contribute to dark matter searches for light-mass WIMPs and to axion searches via the 
axio-electric effect. 
Aside from validating core elements of the Standard Model or provide indications of 
physics beyond it, the detection of CNNS has other interesting applications. The 
interaction is in fact flavor-blind thus allowing to monitor the total neutrino flux in 
neutrino oscillation experiments and nearby supernova explosions [6]. CNNS has also 
been considered for probing sterile neutrinos [7], measuring nuclear form factors [8], as 
well as in nuclear reactor monitoring and safeguard [5].  
 
[1] D. Freedman, Physical Review D 9, 1389 (1974). 
[2] V. Chepel and H. Araújo, arXiv:1207.2292 (2012). 
[3] S. Sangiorgio, A. Bernstein, J. Coleman, M. Foxe, C. Hagmann, T. H. Joshi, I. Jovanovic, K. Kazkaz, K. 
Movrokoridis, and S. Pereverzev, Physics Procedia 37, 1266 (2012). 
[4] S. Sangiorgio, A. Bernstein, J. Coleman, M. Foxe, C. Hagmann, T.H. Joshi, I. Jovanovic, K. Kazkaz, K. 
Mavrokoridis, V. Mozin, submitted to Phys.Rev. D., arXiv:1301.4290 
[5] C. Hagmann and A. Bernstein, IEEE Transactions on Nuclear Science 51, 2151 (2004). 
[6] C. J. Horowitz, K. J. Coakley, D. N. McKinsey, Phys. Rev. D. 68, 023005 (2003) 
[7] A. J. Anderson, J. M. Conrad, E. Figueroa-Feliciano, C. Ignarra, G. Karagiorgi, K. Scholberg, M. H. 
Shaevitz, and J. Spitz, Phys. Rev. D 86, 013004 (2012) 
[8] P.S. Amanik, G. C. McLaughlin, J. Phys. G. 36, 015015 (2009) 

Searches for CENNS at the Spallation Neutron Source
P. Barbeau, P. Barton, A. Bolozdynya, B. Cabrera-Palmer, F. Cavanna, R. Cooper, G. Greene, Y.

Efremenko, E. Figueroa-Feliciano, M. Foxe, A. Hatzikoutelis, R. Hix, D. P. Hogan, I. Jovanovic, S. Klein,
J. M. Link, W. C. Louis, D. Markoff, C. Mauger, P. Mueller, K. Patton, H. Ray, D. Reyna, K. Scholberg,

R. Tayloe, C. Virtue, J. Yoo
The Spallation Neutron Source (SNS) offers unique opportunities for neutrino physics. Properties
of this source and a wide variety of opportunities are described in [1, 2, 3, 4].

Recoil energy (keV)
-210 -110 1 10

N
um

be
r o

f e
ve

nt
s 

(A
.U

.)
1

10

210

310

410

510

 

Figure 1: Red line: recoil energy
spectrum in argon for monochro-
matic 30 MeV neutrinos (stopped-
pion energy scale). Green line: for
the same flux, recoil energy spec-
trum for monochromatic 3 MeV
neutrinos (reactor energy scale).

A very interesting possibility for a stopped-pion neu-
trino source like the SNS is the detection of nuclear recoils
from coherent elastic neutrino-nucleus scattering (CENNS),
which is within the reach of the current generation of low-
threshold detectors [5, 6, 7]. This reaction is also important
for supernova processes and detection. This measurement
also has excellent prospects for standard model tests; even a
first-generation experiment has sensitivity beyond the cur-
rent best limits on non-standard interactions of neutrinos
and quarks [8]. Sterile oscillation searches are also possi-
ble [9]. Eventually, one may be able to measure neutron
density distributions [10, 11].

Although ongoing efforts to observe CENNS at reac-
tors [12, 13, 14, 15] are promising, a stopped-pion beam
has several advantages with respect to the reactor exper-
iments. Although reactor fluxes are higher, cross-sections
at stopped-pion energies (up to 50 MeV) are about two
orders of magnitude higher than at reactor energies (see
Fig. 1). Perhaps more importantly, higher recoil ener-
gies bring detection within reach of the current generation
of low-threshold detectors, which are scalable to relatively
large target masses. Furthermore, the pulsed nature of the
source allows both background reduction and precise characterization of the remaining background
by measurement during the beam-off period. Finally, the different flavor content of the SNS flux
(νµ, νe and ν̄µ) means that physics sensitivity is complementary to that for reactors (ν̄e only).

One can imagine approximately three experimental phases with different experimental scales
that will address different physics:

Phase 1: a few to few tens of kg of target material (depending on distance to the source)
could make the first measurement.

Phase 2: a few tens to hundreds of kg of target material could set significant limits on non-
standard neutrino interactions, and could also begin to address sterile neutrino oscillations,
depending on configuration.

Phase 3: a tonne-scale or more experiment could begin to probe neutron distributions.

Various technologies are suitable at different scales and offer various advantages and disad-
vantages. Some possibilities are noble liquids such as neon, argon, and xenon [8, 17, 16], existing
germanium detector technology [18, 19], e.g. point-contact detectors, and bolometers [20]. For
the long term, multiple nuclear targets will be valuable.

1

Measuring CENNS in the Low Energy Neutrino Source at Fermilab  
 
S. Brice, F. Cavanna, A. Cocco, R. Cooper, Y. Efremenko, L. Garrison, A. Hime, E. Hungerford, B. Loer, S. 

Pordes,  E. Ramberg, H. Ray, K. Scholberg, R. Tayloe, R. Tesarek, H. Wang, J. Yoo and A. Young 
 
 
 The Coherent Elastic Neutral-Current Neutrino Nucleus Scattering (CENNS) is known 
as a very important process in studies of supernova explosion, neutrino magnetic moment, tests 
of the standard model weak mixing angles, searches for sterile neutrinos, z-prime bosons, and 
non-standard interactions of neutrinos [1-5]. Moreover, the CENNS by solar and atmospheric 
neutrinos would be irreducible backgrounds in future direct searches for dark matter [6]. The 
CENNS, however, has never been observed since its first theoretical prediction in 1974 [7], 
owing to the need to detect rather intimidating low-rate and low-energy signals. The condition 
of coherence requires sufficiently small momentum transfer to the nucleon so that the waves of 
off-scattered nucleons in the nucleus are all in phase, thus summing coherently. While 
interactions of neutrinos with energy at the MeV to GeV-scale will have CENNS components, 
neutrinos with energies less than ~50 MeV largely fulfill the coherence condition in most target 
materials with typical nuclear recoil energy of only tens of keV. The elastic neutral-current 
interaction, in particular, leaves no observable signature other than this very low-energy 
nuclear recoil, the likes of which might now be observed given innovations in dark matter 
detector technology [8-13]. 
 
 We realized that the requisite low-energy neutrinos can be obtained from the neutrinos 
produced far-off-axis (> 45 degrees) of the Fermilab Booster Neutrino Beam (BNB). The BNB 
source has suppressed kaon production from the relatively low-energy, 8 GeV (8~32 kW) 
proton beam on the target. Consequently, pion-decay and subsequent muon-decay processes 
are the dominant sources of neutrinos. The expected neutrino flux is about 5x105/cm2/s at a 
distance of 20 m from the target (at 32 kW). At the far-off-axis area, the detector can be placed 
close enough to the target to gain an inverse-distance-squared increase of the neutrino flux. The 
pulsed structure of the neutrino beam also lends a substantial advantage in background 
reduction (∼10-6) against steady-state cosmogenic and radiogenic backgrounds.  
 
 A ton-scale, single-phase, low-energy threshold liquid argon detector has been 
conceptualized to measure the CENNS. The detector will utilize pulse-shape discrimination of 
scintillation light between nuclear recoil and electron recoil interactions in the liquid argon to 
identify and discriminate CENNS interactions from background events internal to the target. 
Electromagnetic and neutron backgrounds from external sources will be rejected using the 
standard active and passive shielding methods together with self-shielding and fiducialization. 
In early 2012, we measured the beam-induced neutron background at the Booster Beam target 
building, first using a commercial neutron detector and then the SciBath neutral particle 
detector. The preliminary results indicate that the beam-induced neutron flux and energy 
spectrum is at a manageable level for the CENNS experiment [14] and studies are underway to 
define the external shielding required to attenuate cosmic rays and, in particular, muon-induced 
neutron backgrounds at the FNAL site. A substantial collaboration has been formed with design 
work and prototyping underway to realize a ton-scale CENNS detector, lending from the 
significant developments and progress using liquid argon as a low-energy threshold detector.  
 
 The successful experimental results of CENNS and associated background 
measurements in the energy range of solar and atmospheric neutrinos will be immediately 
useful for dark matter search experiments. The far-off-axis neutrino source, incorporated into 
Fermilab’s future Project-X program [15], may provide a well-defined and intense low-energy 
neutrino source. Such a source, in concert with new capabilities for low-energy threshold 
detectors using liquid argon will open unexplored avenues to investigate low energy neutrinos.  

Notes: 
!  Value of CNNS observation is clear  
!  Focus on different sources 
!  Detector choice is of secondary importance 
!  Need explicit discussion of long-term reach potential? 

Whitepaper on Cyclotrons as Drivers for Precision Neutrino Experiments
The DAEδALUS Collaboration, January 26, 2013

This whitepaper discusses the potential of cyclotron-based decay-at-rest (DAR) neutrino sources
for precision studies and high-sensitivity searches. The project began with development of a CP -
violation search (DAEδALUS)[21, 3]; as the phased plan evolved, another opportunity was discov-
ered, IsoDAR [2, 4]. Since then, wider interest in these neutrino sources has been expressed by the
cross-section [5, 6, 7, 8] and exotic physics search communities [9, 10, 12, 13, 14, 15]. Therefore, we
submit this paper addressing the technology as a generic opportunity, which could conceivably be
implemented by coalitions of universities within the neutrino community. The relatively modest
cost range (from $25M to $100M, depending on design) makes several centers potentially feasible.

!!"

!µ"

!µ"

#+/µ+ DAR!

8Li DAR!

Figure 1: Fluxes from π/µ and 8Li de-
cay at rest.

As neutrino physics enters the precision era, π/µ-DAR and
isotope-DAR beams (e.g., 8Li), in which the energy depen-
dence and the flavor content is precisely known (see Fig. 1),
are valuable. In fact, there is already a history of cross-section
physics from π/µ sources [16, 17, 18]. The primary issue for
precision measurement with these beams is understanding the
absolute normalization. Absolute rates are predicted to ∼20%
[19]. However, depending on the detector and application, one
can potentially normalize to inverse beta decay or to neutrino-
electron scattering, both of which have cross sections known
to < 1%, greatly reducing normalization errors.

The sources can be designed to deliver ∼100 kW to 1 MW,
depending on the flux required. If space is limited, such as at
an underground lab, the optimal energy range for an 8Li DAR
driver is about 60 MeV [20]. A variety of detectors can be used
for studies (see [5] to [15]). The optimal energy is ∼ 800 MeV
for π/µ DAR[21]. The accelerators can also be reconfigured to
provide charged particle beams (isotopes, pions, and muons),
allowing versatility beyond neutrino physics.

While underground facilities and national labs are the most
likely first users of these machines, this price range is within
the scope of a consortium of local universities, and could lead

to “local facilities” that would allow students access to accelerators while remaining at their home
institution. There is industry interest, from production of radio-pharmaceuticals at low energies [22]
to application as drivers for thorium reactors at high energies [23]. Examples are the partnerships
with Best, Inc., AIMA, and IBA formed for tests of the ion source, low-energy beam transport,
and axial injection system for the DAEδALUS project.

Accelerators for America’s Future has stated: “The United States, which has traditionally led
the development and application of accelerator technology, now lags behind other nations in many
cases, and the gap is growing. To achieve the potential of particle accelerators to address national
challenges will require sustained focus on developing transformative technological opportunities...”
[24]. Cyclotrons are a clear example. Though invented in the US, now most cyclotron research and
companies are located outside of the US. The major laboratories involved in this initative (INFN-
Catania, PSI, and RIKEN) are outside the US. On the other hand, the universities involved in this
program are largely US-based. This allows for technology transfer and ensures the next generation
of cyclotron physicists in the US. Through this, the program serves a valuable national interest.
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•  CNNS detection requirements: 
-  Large mass 
-  Low energy threshold  <1-10 keV, depend on E!"
-  Discrimination of nuclear recoils 

•  WIMPs detectors have same requirements !! 

•  CNNS experimental efforts borrow and improve upon WIMP 
detection techniques 

•  Some of the names in the game: 

•  ULGeN (Ge) (SNL, LBL) 
•  TEXONO/CDEX (Ge) 

•  Russian Emission Detector 
(RED) (Xe) 

•  LLNL CNNS Detector (Ar) 
•  RICOCHET (optimized 

SuperCDMS detectors)  

•  CLEAR (LAr / LNe) 

Ionization detectors Scintillator 

Phonon-Ionization 
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•  Active volume: ~ 100 g LAr 
•  Focus on high-gain detection of ionization 

signal only " low energy threshold  
•  High purity LAr achieved 

5 cm 
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liquid Ar  

Up to 11kV/cm 

4x Hamamatsu 
R8520 1” PMTs  
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rings 
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support 
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level 

HV feed-
throughs 
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level 

Edrift 

Egain 



Lawrence Livermore National Laboratory LLNL-PRES-xxxxxx 
19 S. Sangiorgio 

 / ndf = 125.5 / 1152!
Prob   0.2367
ExpCoeff  8.6± 104.7 
ExpOffset  2.25± -28.19 
ExpConst  6.3± 118.1 
p.e./keV - Fe  0.5± 130.2 
FeCoeff   2.3±  84.5 
FeWidth   3.32± 89.22 
p.e./keV - ArK  0.9± 187.7 
ArKCoeff  2.74± 78.46 
ArKWidth  2.19± 56.66 
p.e./keV - ArL  12.3±   328 
ArLCoeff  4.8±  27.9 
ArLWidth  3.49± 18.44 
Exp2Coeff  23.5± 539.5 
Exp2Coeff  0.17± 11.04 
Exp2Coeff  0.313± 3.638 

Collected Light [p.e.]
0 200 400 600 800 1000 1200

Co
un

ts

0

20

40

60

80

100

120

140
 / ndf = 125.5 / 1152!

Prob   0.2367
ExpCoeff  8.6± 104.7 
ExpOffset  2.25± -28.19 
ExpConst  6.3± 118.1 
p.e./keV - Fe  0.5± 130.2 
FeCoeff   2.3±  84.5 
FeWidth   3.32± 89.22 
p.e./keV - ArK  0.9± 187.7 
ArKCoeff  2.74± 78.46 
ArKWidth  2.19± 56.66 
p.e./keV - ArL  12.3±   328 
ArLCoeff  4.8±  27.9 
ArLWidth  3.49± 18.44 
Exp2Coeff  23.5± 539.5 
Exp2Coeff  0.17± 11.04 
Exp2Coeff  0.313± 3.638 

DS56063 - Spectrum Fit

37Ar L-shell EC!
0.27 keV!
µ = 86 p.e.!
! = 22%!

37Ar K-shell EC!
2.82 keV!

µ = 530 p.e.!
! = 11%!

55Fe Mn K"1 K"3!
6.49 keV!

55Fe Mn K#1 K#2!
5.89 keV!

µ = 768 p.e.!
! = 12%!

Collected Light [p.e.]!

C
ou

nt
s!

S. Sangiorgio, et al. arXiv:1301.4290 
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h2
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single ioniz electrons 
µ = 8.2 ± 0.1 p.e. 
! = 3.4 ± 0.1 p.e. Experimental spectrum of 

single and double ionization 
electrons 

Ultimate detector sensitivity 
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!  Key to assess CNNS feasibility of 
noble-gas detectors with reactor 
sources 

!  Planned measurement at LLNL to 
measure ionization yield in liquid 
Argon in the ~1-7 keVr range using 
neutrons 

!  Use 7Li(p,n)7Be reaction near 
threshold to produce neutrons that 
are then filtered and collimated to a 
quasi-monoenergetic beam 

•  Nuclear recoils are less effective than 
electron recoils in producing ionization 
" Need experimental measurements in 
liquid nobel gases < few keV 

Li target BPoly 

neutron 
tagging 
detectors 

Lead  
LAr 
detector 

p 

n 

Fe filter 

LLNL setup for ionization yield 
measurement with neutrons 
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!  Use of ! for nuclear safeguards 
demonstrated by LLNL using IBD 

!  Interest by IAEA 

!  LLNL Project: design and deploy a 10-kg 
dual-phase Argon detector 

•  If signal follows reactor outages, we 
have confirmation of signal      
 " first observation ever of CNS ! 

  " pave the way to use of CNS  
           in reactor monitoring 
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More on neutrinos and 
nonproliferation in the next 
parallel session in  Shasta 
room (3rd floor) 15:00-16:30 

N. Bowden, J. Appl. Phys. 105, (2009) 

Demonstrated via IBD on liquid scintillator  
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Low Threshold Detectors for Coherent Neutrino Scattering, Livermore CA     7 Dec 2012P. Sorensen

Potential dark matter sensitivity of a liquid argon TPC
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CDMS I I , PRL 106 131302 (2011)

XENON100, PRL 107 131302 (2011)

XENON10, PRL 107 051301 (2011)

CRESST, Astropart. Phys. 18 43 (2002)

Prediction: look for a Darkside S2-only analysis

... and if they can do that, we should be able to catch some 

coherent ! !

Thanks!
(END)

•  Direct WIMP detection and CNNS share the same 
signature (low-E nuclear recoils) and therefore 
similar detection technology 

•  Low threshold allows to probe “light” WIMPs 
candidates and axions 

P. Sorensen, CNNS Workshop, LLNL (2012) 

Axion-electron coupling “Light” WIMP sensitivity 

G1 

G1.5 

G2 

G3 

!DM = 0.23 

CDMS 

CoGeNT 

DAMA 

Figure 6: 90% CL limits on axion-electron coupling constant versus axion mass, based on reported G1 backgrounds
together with the predicted sensitivity curves from expected backgrounds in G1.5, G2 and G3 detectors. The shaded
band shows the predicted band for gAe for ALPs under the assumption ΩDM = 0.23. CDMS, CoGeNT, and DAMA
data obtained from [22, 40].

)2axion mass (eV/c
-110 1 10 210 310 410 510 610 710

A
e

g

-1510

-1410

-1310

-1210

-1110

-1010

-910

-810

-710 Beam Dump

= 0.23DM!

Tm
169

Derbin 

Axion Luminosity of Sun

Red Giants

CDMS

CoGeNT

KSVZ

DFSZ

Reactor

Derbin Si (Li)

G1

G1.5

G2
G3

G1
G1.5
G2
G3

DM Axion 

Solar Axion 

Figure 7: Summary of limits on axion-electron coupling including limits from astrophysical sources and from other
terrestrial experiments. The current and future liquid xenon experiment backgrounds can set the world best limit for
a wide range of axion masses from massless up to 100 keV/c2. The limits shown include astrophysical bounds from
solar neutrino flux [42] and red giants [43], dedicated axion experiments by Derbins using 169Tm [23] and Si(Li) [24],
reactor/beam dump experiments [45, 46, 44], and theoretical bounds [41].
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Coherent Scatter of solar and atmospheric 
neutrinos, and DSNB will eventually be an 
irreducible background for DM experiments  

Plots from J. Yoo, CNNS Workshop, Livermore 2012 

Strigari, arXiv:0903.3630 
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•  Growing interest and efforts toward CNNS measurement 
•  active community, developing a coherent approach 

•  Phased approach  
•  start by demonstrating positive detection 
•  move to precision measurements to exploit the scientific 

potential, starting w/ Supernovae detection, NSI and $w 

•  Neutrino sources: reactor and DAR offer complementary potential 
and challenges 

•  Detectors: 
•  no longer the limiting factor 
•  synergetic R&D w/ Dark Matter 

•  Links with nu7 (nuclear safeguards) and the Cosmic Frontier 




